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We report on magneto-optical resonances observed in 
sodium fluorescence from D2 manifold with an intensity 
modulated light illuminating a sodium (Na) cell 
containing Ne buffer gas. Resonances are measured in 
fluorescence emitted perpendicular and backward to the 
light propagation direction in the cell. Properties of these 
resonances are studied by varying the magnetic field at 
fixed light modulation frequency, and vice-versa. A dark 
resonance having maximum amplitude for laser 
wavelength close to the crossover peak, is observed. The 
origin of dark resonance observed in Na D2 line is 
discussed. Pulse modulation with low-duty cycle shows 
higher-harmonic resonances of the modulation frequency 
and sub-harmonic resonances of the Larmor frequency. 
Present study is aimed towards improving the 
understanding of magneto-optical resonances for remote 
magnetometry applications with mesospheric sodium. 
 
 
 
Return fluorescence obtained from laser excitation of mesospheric 
sodium is conventionally used as laser guide star to correct 
wavefront distortion in astronomical observations [1]. Recently, 
laser excitation of mesospheric sodium has received considerable 
attention in remote sensing of geomagnetic field [2-4]. The method, 
first proposed by Higbie et al [2], was based on the measurement of 
spin precession of mesospheric sodium atoms by polarizing them 
through synchronous optical pumping with a modulated laser 
beam. In 2016, Kane et al [3] made the first experimental 
observation and measured the geomagnetic field with sensitivity 
162 nTHz-1/2. The measurement sensitivity was further improved to 
28 nT Hz−1/2 by Bustos et al [4]. Polarization-modulated light was 
used to measure geomagnetic field with an uncertainty of 30 nT [5]. 
Sensitive measurement and large-scale mapping of geomagnetic 
field can provide better insight into various processes impacting the 
mesosphere region, thus, enabling several important scientific 
studies, for example, magnetic fluctuations at mesospheric altitude 
can be used to determine large-scale ocean currents [6], mapping 
local current structures in the dynamo region [7], and magnetic 
structures in the earth’s upper mantle [8].  
Unlike other alkali atoms (K, Rb, Cs), magneto-optical resonance is 
not studied extensively in sodium atom.  Understanding light-atom 
interaction and the origin of magneto-optical resonances in sodium 
atom via laboratory experiments is necessary for perfecting remote 
magnetometry and further improving its sensitivity. Recently, Fan 
et al [9] performed a detailed study of magnetic resonance in 
sodium D1 line using a sodium cell with high buffer gas pressure. 
Effects of different parameters like laser intensity, duty cycle of 
modulation and magnetic field on sensitivity were analyzed. The 
measurements were done using sodium fluorescence in a direction 
perpendicular to the laser beam axis.  
In this letter, we focus on studying magneto-optical resonances in 
fluorescence from Na D2 line, which has been used in all sky 
experiments [3-5]. We study the properties of magnetic resonances 
by detecting fluorescence at directions perpendicular and 
backward to laser beam propagation in a sodium cell. Resonances 
are acquired using two independent methods; phase-sensitive lock-
in detection is performed using a high bandwidth lock-in amplifier, 
and direct amplitude measurement is performed using a low-pass 
filter (or integrator). We measured the resonances as functions of 
magnetic field and laser modulation frequency (or pulse repetition 
rate) with different pulse duty cycles. We also explain the origin of 
dark resonance observed in Na D2 line using the action of a repump 
beam, and a theoretical model including buffer gas induced 
collisional dephasing in the excited state.  
The schematic of the experimental setup is shown in Fig. 1.  A 
narrow-band frequency-doubled Raman fiber amplifier laser tuned 
to Na D2 line is used in the experiment.  A combination of half-wave 
plate and PBS is used to control the optical power in the laser lock 
setup. Two different methods are employed to monitor the laser 
wavelength using buffer gas free Na reference cells.  First, the 
Doppler-broadened fluorescence spectrum at 90° angle to light 
propagation direction is collected using an avalanche photo diode 
(APD) and second, the Doppler-free absorption peaks/dips are 
observed in transmitted light from a saturation absorption 
spectroscopy (SAS) setup.  Using offset lock with the help of a 
proportional integral (PI) controller (Newport LB1005 Servo 
Controller), the laser is locked on different positions in Na D2 line by 
utilizing the fluorescence spectrum from the APD.  The SAS setup is 
used only to find the exact position of the laser with respect to Fg= 2 
→Fe (= 1, 2, 3) [referred as D2a transition], Fg= 1 →Fe (= 0, 1, 2) 
[referred as D2b transition] and the crossover peak present in the 
Doppler-free absorption spectrum [10]. The laser intensity is 
modulated using an acoustic-optic modulator (AOM) driven by the 
rectangular pulse waveform with different duty cycles, and the first-
order diffracted beam is selected as probe beam for the experiment 
[11].  A resonant electro-optic phase modulator (EOM) is used to 
create optical sidebands as repump at frequencies ±1710 MHz with 
respect to the carrier (or probe beam) frequency. Before passing 
through the experimental Na cell containing 10 Torr Ne buffer gas, 
the beam diameter is expanded to approximately 8 mm (using two 
lenses L2 & L3) to increase the number of interacting Na atoms in 
the beam volume and prevent transit-time broadening. 
Fig. 1. Schematic diagram of the experimental setup. λ/2, half-wave 
plate; λ/4, quarter-wave plate; PBS, polarizer beam splitter; BS, beam 
splitter; D, beam dump; M, mirror; L1-L5, convex lenses; BF, band-pass 
filter; PMT, photomultiplier tube. 
A neutral density (ND) filter is used to control the probe beam 
power to the cell.  Using a λ/4 plate, the light polarization is set to 
circular.  A non-polarizing pellicle beam splitter of diameter 2” 
transmits ∼50% laser power onto the experimental Na buffer cell. 
The experimental cell is kept inside a two-layered magnetic shield 
(µ-metal) enclosure, which reduces the ambient magnetic field by a 
factor of ∼102. Three pairs of Helmholtz coils are installed inside the 
shield to further reduce the ambient field by canceling the residual 
field. Coils along y-axis perpendicular to the light propagation vector 
(kz) are utilized to apply fixed or scanning magnetic field, as per 
experimental needs.  Temperature of the Na buffer cell is kept at 86° 
Celsius to keep sodium atomic density low (∼1.0×109 atoms/cm3 
[12]), thus making it comparable to the number of interacting Na 
atoms in the mesosphere column (length ≃ 10 km). Magnetic 
resonances are obtained by collecting fluorescence light from the 
Na buffer cell at two different angles. First, fluorescence at 90° angle 
to the light propagation direction is detected using a PMT at the 
focal plane of a lens L5.  Second, fluorescence at 180° angle (i.e. 
backward) to the light propagation direction is detected using 
another PMT at the focus of lens L4. The backscattered fluorescence 
is reflected by the pellicle beam splitter. To eliminate background 
light in fluorescence, an ultra-narrow band-pass filter (Alluxa 
589.45-1 OD6) is used before the PMT. The resonance signals are 
acquired by two independent methods: (a) demodulating the signal 
with a lock-in amplifier (Stanford Research System SR865), 
operating at the first harmonic of the light modulation frequency Ωm 
and (b) measuring the signal directly through a low-pass filter 
(Stanford Research Systems SR560). 
Fluorescence measurements are first performed in the direction 
perpendicular to light propagation and by scanning the magnetic 
field (By) along y-axis while keeping Ωm fixed. Figure 2 shows 
magneto-optical resonances observed corresponding to different 
duty cycles of light modulation. The probe beam is modulated at 
fixed Ωm =20 kHz frequency with an average intensity of 0.25 
mW/cm2.  The laser is locked closer to the crossover peak 
(observed midway between D2a and D2b transitions) where 
maximum amplitude of the magneto-optical resonance is observed. 
Fluorescence signal is demodulated using the lock-in amplifier; the 
in-phase and the quadrature-phase components are shown 
respectively, in Fig. 2(a) and 2(b).    
Fig. 2. Magneto-optical resonances: in-phase (a) and quadrature (b) 
components of the lock-in amplifier are measured at different 
modulation duty cycles; 50 % (top row), 35 % (middle row) and 20 % 
(bottom row) at Ωm =20 kHz.  
When the laser is modulated with 50% duty cycle [Fig. 2 (top row)], 
synchronous optical pumping of atoms leads to optical resonances 
at Larmor frequency ±ΩL (By= Ωm) [13], as seen in both in-phase 
and quadrature-phase signals, where  is the Gyromagnetic ratio. 
The in-phase signal shows the amplitude, and the quadrature signal 
shows the phase of the resonance. The width (i.e. full width at half 
maximum, FWHM) of the resonance near zero magnetic field is 
measured to be 3.2 mG. As the duty cycle of modulation is lowered 
to 35% [Fig. 2 (middle row)], the second harmonic signals 
corresponding to ΩL=±2Ωm) are also seen along with the first 
harmonic. The presence of higher order resonances at lower duty 
 cycles is due to the Fourier components present at integer 
multiples of Ωm in the modulated waveform [14]. For duty cycle of 
20 % [Fig. 2 (bottom row)], the in-phase signal clearly shows up to 
third harmonic and the quadrature signal shows resonances up to 
fourth harmonic. Since the quadrature signal is sensitive to the 
signal phase, it allows to detect weak signal.  
 Next, we measured the magnetic resonances directly using a low-
pass filter for different duty cycles of modulation [Fig. 3].  The cut- 
off frequency (fc) for low-pass filter is set to 1 kHz and the signal is 
averaged over 100 samples using a digital oscilloscope.  The low- 
pass filter measures only the signal amplitude i.e. insensitive to the 
 phase. Signals measured with low-pass filter [Fig. 3] resemble the 
in-phase signals of lock-in amplifier [Fig. 2 (first column)]. The 
advantage of using low-pass filter is that the scanning rate of 
magnetic field (or modulation frequency at fixed field) can be faster 
compared to the lock-in detection where the scanning rate is limited 
by its long time constant, hence it reduces the data processing time. 
Figure 4 shows the plots of magneto-optical resonances when the 
magnetic field By is fixed at 258.6 mG and the modulation frequency 
Ωm of rectangular pulses of the laser beam is varied from 50 kHz to 
200 kHz. Unlike lock-in detection, the low-pass filter is phase- 
Fig. 3. Magneto-optical resonances: direct measurement using a low- 
pass filter for different modulation duty cycles of modulation(a) 50% 
and (b) 20% at Ωm =20 kHz. 
 insensitive and therefore, the resonance signal is measured over a 
wide range of Ωm. Laser beam modulation with 50% duty cycle 
shows magnetic resonance at Larmor frequency [Fig. 4(a)]. When 
the duty cycle is lowered to 20%, resonances also occur at the 
second and third sub-harmonics of Larmor frequency [Fig. 4(b)]. 
This is in agreement with the previously reported results for Na D1 
line [9]. 
Fig. 4. Magneto-optical resonances observed by changing the laser beam 
modulation frequency Ωm: Direct measurement using low-pass filter at 
different duty cycles (a) 50% and (b) 20%.   
The presence of cycling transition Fg=2→Fe=3 in Na D2 line in a 
Doppler-broaden medium, is expected to increase the fluorescence 
(higher absorption) at the center of magnetic resonance [2], which 
is the characteristic of bright resonance. However, we observed a 
dark resonance in the experiment i.e. decrease in fluorescence at the 
center of resonance. To understand the observed behavior, we 
locked the laser at different positions in Na D2 line with and without 
the repump beam by switching the EOM on and off, respectively 
[Fig. 5]. The resonance, obtained when the laser beam is tuned to 
D2a transition (without the repump beam), is shown in Fig. 5 (a). 
Average laser intensity in this case, is set to 0.25 mW/cm2 with 20% 
duty cycle and the magnetic field is kept fixed at 258.6 mG. 
Compared to the amplitude observed near the crossover, we 
observed a reduction in the amplitude of resonance by a factor of 
∼1.2. However, the sign of resonance did not change. When the 
EOM is turned on, one of the side bands produced by EOM gets 
resonant with the Na D2b transition and acts as the repump beam. 
Due to 50% loss of power in the two sidebands, the total laser beam 
power is doubled to keep the probe beam power same. This results 
in an increase of resonance width from 2.5 kHz to 3.7 kHz as 
measured from the fittings of experimental data [Fig 5 (top row red 
line)], and signal amplitude is also increased by a factor of ∼1.8 
without observing a change in its sign.  
The laser is then tuned to Na D2b transition [Fig. 5 (c)] keeping all the 
other experimental parameters and conditions same as in Fig. 5(a). 
Due to the presence of cycling transition Fg=1→Fe=0 in the Na D2b 
line, the resonance is expected to be a dark resonance. 
Experimentally, no resonance is observed in the signal [Fig. 5 (c)].  A 
dark resonance is observed only when the repump beam, resonant 
to D2a transition, is switched on [Fig. 5 (d)]. The role of probe and 
repump beams is reversed in this case, thus, indicates that the 
magnetic resonances happen only due to light absorption in the D2a 
transition.  The D2b transition has less absorption compared to D2a 
transition [15], which suggests that magnetic resonance in D2b 
Fig. 5. Magneto-optical resonances without (first column) and with 
(second column) repump beam when the probe beam is locked to D2a 
(top row) and D2b (bottom row) transitions.  The red line in each plot 
shows Lorentzian fit on the data.  
transition is weak and may not be possible to observe due to low 
sodium density in the cell under the present experimental 
conditions. The observed dark resonance in D2a transition can be 
explained by considering excited state decoherence of Fg=2→Fe=3 
transition due to collision of Na atoms with buffer gas atoms. The 
collisional decay typically suppresses the coherence transfer due to 
spontaneous emission from the excited state, which results in the 
formation of bright resonance for Fg→Fe=Fg+1 transition [16,17]. 
Therefore, the sign of resonance in Na D2 line is reversed in the 
presence of buffer gas atoms.  
Remote magnetometry with mesospheric sodium atoms can only 
be performed with backscattered fluorescence [3,4]. Therefore, 
measuring magnetic resonances in backscattered fluorescence is 
consistent with remote magnetometry. Typically, in laboratory 
experiments, reflection from the cell window prevents one to 
perform fluorescence measurements in the backward direction [9].  
In our experiment, Na cell with wedge window is used to eliminate 
backward reflection. Only half of the backscattered fluorescence is 
reflected by the p-BS (shown in Fig. 1). Figure 6 shows magneto-
optical resonances obtained using backscattered fluorescence light. 
Light modulation frequency is set to 20 kHz at duty cycle 20% and 
the average intensity is set to 0.25 mW/cm2. Figure 6(a) shows 
quadrature phase signal obtained by demodulation using the lock-
in amplifier as By scan is performed. The quadrature component 
shows resonances up to fourth harmonic, which matches our 
earlier observation in Fig. 2 (bottom row). However, the in-phase 
component did not show any resonance due to weak backscattered 
fluorescence. Instead, we used a low-pass filter at fc =1 kHz to 
measure the resonance amplitude [Fig. 6 (b)].  A faster field scan at 
4 Hz allowed us to perform long sample averaging on the oscillosc- 
-ope, and thereby, detect the weak signal.  Presence of three 
harmonics in the signal can be seen in Fig. 6(b). Next, we measured 
the resonances by scanning the modulation frequency Ωm in Fig. 6(c) 
and(d). First, the measurements are performed at low magnetic 
Fig. 6. Magneto-optical resonances obtained from backscattered 
fluorescence light using lock-in amplifier (a) and low-pass filter (b)-(d).   
 field (By = 29 mG) to observe resonances at subharmonics of the 
Larmor frequency [Fig. 6 (c)].  Although the resonances are weak, 
but second and third subharmonics are visible along with the 
resonance at Larmor frequency. Magnetic field is then increased to 
258.6 mG [Fig. 6 (d)]. A resonance of width 2.6 kHz is observed at 
Larmor frequency corresponding to the applied magnetic field.   
In Na D2 line, Fan et al [9] showed that fluorescence from sodium 
atoms when excited by circular polarized light, is likely to be 
directed backward, thus resulting in a dip at the center of resonance 
for fluorescence emitted in the direction perpendicular to the laser 
beam. However, in our experiments the resonance measured in 
backward direction also showed the dip at the center of resonance 
[Fig. 6 (d)].  In contrast to the explanation in reference [9], this 
observation suggests that the observed dip in Na D2 line is not 
dependent on the detector position. 
Fig. 7. Calculated magneto-optical resonances for Fg=2→Fe=3 transition: 
Collisional dephasing rate, γcoll = 0 (a), and γcoll = 1.5Γ (b). Other 
parameters: Rabi frequency ΩR= 0.01 Γ and transit decay rate γ=10-5 Γ, 
where Γ is the spontaneous decay rate. Magnetic field is 258.6 mG. 
We explained earlier the origin of this dip by considering excited 
state decoherence due to buffer gas atoms. To further validate our 
observation, we simulate the magneto-optical resonance for 
Fg=2→Fe=3 transition using density-matrix equations [18]. The 
effect of buffer gas collision is modeled by including dephasing in 
the excited state [17].  The theoretical model is also simplified by not 
considering the atomic motion, spatial distribution of light intensity, 
and the effect of neighbouring transitions.  Fig. 7(a) shows a 
resonance with enhanced absorption (or fluorescence) at the 
center in the absence of buffer gas collisions.  When dephasing 
among excited state sublevels is included, reduced absorption at the 
center of resonance is observed [Fig. 7(b)], which agrees with the 
experimental reult shown in Fig.  5(a).    
In conclusion, we have investigated magneto-optical resonances in 
sodium D2 line using fluorescence from sodium atoms in a vapor cell 
containing Ne buffer gas. We performed measurements using 
fluorescence emitted both in perpendicular and backward direction 
to the laser beam propagation axis. Maximum amplitude of 
magnetic resonances was measured near the cross-over peak. Due 
to collisional dephasing in the excited state of F=2 →F’=3 transition, 
a dark resonance is observed in sodiumD2 line. This is validated 
using a theoretical model. Resonance in F=1→F’=0 transition was 
also investigated in the presence of a repump beam. Higher-
harmonic resonances and subharmonic resonances were observed 
with modulated light by employing respective magnetic field and 
modulation frequency scans. Resonances acquired using lock-in 
amplifier and low-pass filter were compared. Resonances 
measured in backscattered fluorescence were found considerably 
weaker but matches with the observed resonance in perpendicular 
direction.  The present work has improved the understanding of 
magneto-optical resonances in sodium D2 transitions, which will be 
useful in conducting remote magnetometry experiments in the near 
future.  
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7. S. Maus, F. Yin, H. Lühr, C. Manoj, M. Rother, J. Rauberg, I. Michaelis, 
C. Stolle, and R. D. Müller, Geochem. Geophys. Geosyst. 9, Q07021 
(2008). 
8. M. Blanc, and A. D. Richmond, J. Geophys. Res. 85, 1669 (1980). 
9. T. Fan, L. Zhang, X. Yang, S. Cui, T. Zhou, and Y. Feng, Opt. Lett. 43,  
1 (2018), and supplementary material on arXiv:1710.04342 (2018). 
10. C. Y. She, and J. R. Yu, Appl. Opt. 34, 1063 (1995). 
11. Laser locking using the fluorescence spectrum was adjusted such 
that the frequency shift (+80 MHz) introduced by AOM brings the probe 
beam closer to the Doppler-free absorption peaks in D2a and D2b 
transitions observed using the SAS setup.   
12. G. D. Domenico, and A. Weis, Vapor Pressure and Density of Alkali 
Metals, available online at 
http://demonstrations.wolfram.com/VaporPressureAndDensityOfAlkal
iMetals/.  
13. W. E. Bell, and A. L. Bloom, Phys. Rev. Lett. 6, 280 (1961). 
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